ABSTRACT Differential scanning calorimetry and x-ray diffraction have been used to investigate hydrated multibilayers of N-lignoceryl sphingomyelin (C24:0-SM) in the hydration range 0-75 wt % H20. Anhydrous C24:0-SM exhibits a single endothermic transition at 81.30C (AH = 3.6 kcal/mol). At low hydration (12.1 wt % H20), three different endothermic transitions are observed: low-temperature transition (T1) at 39.40C ( A. Electron density profiles show a constant bilayer thickness dpp -50 A. In contrast, at 400C (between T1 and T2) a single sharp wide-angle reflection at -1/4.2 A1 is observed. The lamellar reflections correspond to a larger bilayer periodicity (increasing from d = 69.3-80.2 A) and there is some increase in dp-p (52-56 A) with hydration. These structural parameters, together with calculated lipid thickness and molecular area considerations, suggest that the low temperature endotherm (T1) of hydrated C24:0-SM corresponds to a transition from a tilted, gel state (Gel I) with partially interdigitated chains to an untilted, or less tilted, gel state (Gel 11). At 600C (above T3), the usual liquid-crystalline La bilayer structure (d = 59.5-66.3 A; dp p -46 A) is present at all hydrations. Comparison with the behavior of C18:0-SM indicates that the inequivalence of length of the sphingosine (C18) and lignoceryl (C24) chains results in a more complex gel phase polymorphism for C24:0-SM.
INTRODUCTION
The basic structural motif of biological membranes is the lipid bilayer. The lipid bilayer provides both a general permeability barrier and a matrix into which membrane proteins are asymmetrically incorporated to fulfill their specific receptor, signaling, enzymatic, and channel functions. The bilayer compartment of mammalian membranes is composed of various classes of lipids, mainly phospholipids (e.g., phosphatidylcholine (PC), phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol) and glycosphingolipids (e.g., cerebrosides, gangliosides), and cholesterol. Sphingomyelin (SM), a phosphosphingolipid with the phosphorylcholine polar group identical to that of PC, is also present in many membranes. Both SM and PC seem to favor a location at the outward facing monolayer of the membranes of erythrocytes and other cells; in addition, SM, PC, and cholesterol are the predominant polar lipids stabilizing the monolayer surface of the plasma lipoproteins, high density and low density lipoproteins, etc. Apart from their ability to form phospholipid bilayers (and perhaps other structures), it is now becoming clear that several membrane lipids have a more specific finctional role. For example, gangliosides seem to play a role in both cell-cell recognition events and as receptors for the binding of hormones, viruses, and toxins (Hakomori, 1981; Fishman et al., 1993) . In addition, phosphatidylinositol and PC act as precursors of second messengers and intermediates (diacylglycerol, inositol triphosphate, arachidonic acid) in cell signaling pathways after receptor-mediated triggering of membrane phospholipases. Recently it was shown that SM is converted to ceramide after the removal of its phosphorylcholine head group by sphingomyelinase, again after ligand binding to membrane receptors. The released ceramide acts as a second messenger and seems to stimulate both protein kinase and protein phosphatase pathways, which in turn may regulate both cell growth and apoptosis (for recent reviews see Hannun, 1994, and Hannun and Obeid, 1995) . Given the functional importance of SM and ceramide, studies on the structure and properties of these lipids would seem to be important.
In the past, we and many others have systematically studied the structural behavior of different phospholipid classes, and then for a specific phospholipid class have examined the effects of changes in hydrocarbon chain length, unsaturation, distribution, and linkage. This approach has led to a broad understanding of the phase behavior of phospholipids and the alterations in behavior produced by modifications to the polar group, chain, and interfacial regions. We have adopted a similar approach to the study of the properties of SM. Naturally occurring SMs are chemically heterogeneous. Although the sphingosine chain is predominantly C18:1 (trans A4-5), small amounts of the C20:1 and the dihydro-(sphinganine) analogs are present . The amide-linked fatty acids include palmitic (C16:0) and stearic (C18:0) as well as the longer chain behenic (C22:0), lignoceric (C24:0), and nervonic (C24:1) acids (Calhoun and Shipley, 1979a) . Our initial study of SM isolated from bovine brain showed that it exclusively formed bilayer phases but that its bilayer gel-liquid crystal transition occurred at an unusually high temperature (30-40°C) for a natural lipid, presumably due to the preponderance of saturated fatty acid chains (Shipley et al., 1974 ; see also Barenholz et al., 1976) . The complexity arising from the chemical heterogeneity of natural SM has been addressed using two synthetic approaches. First, starting with natural SM, the fatty acid heterogeneity can be removed by deacylation-reacylation partial synthetic protocols (Ahmad et al., 1985; Cohen et al., 1984) ; however, heterogeneity associated with the sphingosine moiety is left in place. Alternatively, methods for the de novo synthesis of SM are now becoming available (Shapiro, 1969; Bruzik, 1988; Dong and Butcher, 1993) .
We have synthesized a series of N-acyl SM containing C14:0, C16:0, C18:0, C20:0, C22:0, and C24:0 fatty acids by deacylation-reacylation of bovine brain SM . Initial calorimetric studies showed that C16:0-, C18:0-, and C20:0-SM exhibit simple, reversible chainmelting transitions, whereas the short chain (C14:0) and long chain (C22:0 and C24:0) SM exhibit more complex thermotropic behavior with multiple transitions, presumably due to a mismatch in the length of the N-acyl chain compared with the sphingosine chain . This mismatch would be expected to cause packing problems in the bilayer gel state, but our x-ray scattering studies of this series of SMs suggest that bilayer packing perturbations due to chain interdigitation effects also occur in the liquid crystalline state, at least in single bilayer vesicles (Maulik et al., 1986a) .
Calorimetric and x-ray diffraction studies of members of the above series have been reported. Fully hydrated C16:0-and C18:0-SM exhibit simple thermotropic behavior with reversible transitions at 40.5 and 45.0°C, respectively, between bilayer gel and liquid crystalline phases (Maulik et al., 1991; Maulik et al., 1986b) . For stereochemically pure D-erythro-and L-threo-C18:0-SM, Bruzik and Tsai (1987) (McIntosh et al., 1992b) . Our own studies of N-lignoceryl-SM (C24:0-SM) ticular emphasis on the structures of the various gel and liquid crystalline phases that were formed.
MATERIALS AND METHODS C24:0-SM C24:0-SM was prepared by partial synthesis from bovine brain SM (Calbiochem-Boehring Diagnostic, San Diego, CA) after acid hydrolysis deacylation to sphingosylphosphorylcholine (SPC) followed by reacylation of SPC using fatty acyl imidazoles . The C24:0-SM was shown to be >99% pure by a combination of thin layer chromatography and high performance liquid chromatography; however, as noted previously Maulik et al., 1991) , epimerization at C-3 of sphingosine does occur during the acid hydrolysis step, leading to the formation of some of the L-threo stereoisomer of SPC. Because we have been unable to separate the stereoisomers of either SPC or the reacylated SM, the desired product, D-erythro-SM, does contain -25% of the L-threo isomer (for a detailed discussion of this issue for C16:0-SM, see Sripada et al., 1987) . For the starting material, bovine brain SM, the predominant sphingosine base is C18:1t (90.2%) plus minor amounts of C20:1t (7.3%) and C18:0 (2.6%). In our detailed study of C16:0-SM , C18:1t is retained as the major sphingosine base (85.7%), with changes occurring in the levels of the minor sphingosine components. A similar sphingosine profile is to be expected for C24:0-SM, with C18:1t the predominant (-90%) molecular species.
Differential scanning calorimetry (DSC)
For DSC studies, anhydrous samples were weighed into stainless steel pans, and the calculated amount of deionized, double-distilled water was added using a Hamilton syringe to give various hydration states of C24:0-SM. The sample pans were hermetically sealed and then placed in a Perkin-Elmer DSC-2 differential scanning calorimeter (Norwalk, Cl) equipped with a thermal analysis data station. Sample equilibration was achieved by successive heating/cooling cycles over the temperature range 0-88°C. Heating and cooling scans of the samples were performed in the temperature range 0-100°C at heating/cooling rates of 5°C/min. The transition enthalpies (AH) were determined from the area under the peaks of the recorded heat capacity versus temperature plots, after calibration with a gallium standard.
X-ray diffraction
For x-ray diffraction, samples of anhydrous C24:0-SM were weighed directly into thin-walled glass or quartz capillaries (internal diameter = 1.0 mm) and appropriate amounts of deionized, double-distilled water were added using a Hamilton syringe. The capillary tubes were immediately flame-sealed, followed by epoxy coating at the seal to eliminate leaks. The capillaries were centrifuged, inverted, and recentrifuged several times at temperatures 10°C above the chain-melting temperature (with intermittent cooling to room temperature) to achieve equilibration of the multilamellar lipid/water systems.
The x-ray diffraction patterns of equilibrated C24:0-SM at different hydrations were recorded on photographic film using focusing cameras with either toroidal mirror (Elliott, 1965) or double-mirror (Franks, 1958) optics. Nickel-filtered CuK, (A = 1.5418 A) radiation was obtained from an Elliot GX6 rotating anode generator (Elliot Automation, Borehamwood, UK). Diffraction patterns were recorded initially at 22°C, then at 40-43°C depending on the hydration (see Results section), and finally at 60°C. Samples were kept at constant temperature using a circulating ethylene glycol/water bath. The relative intensities of the diffraction lines were measured using a Joyce-Loebl (Gateshead, UK) Model IIICS scanning microdensitometer.
Bilayer periodicities, d, at each hydration were calculated from the lamellar reflections using Bragg's law (2d sin 0 = nA). Starting with reported here focus on its hydration dependence, with parBiophysical Journal area per SM molecule at the lipid/water interface (S) were calculated at different lipid concentrations according to the formalism of Luzzati (1968) .
For these calculations, the partial specific volumes (V,) for C24:0-SM were assumed to be 0.955 ml/g at 22°C, 0.971 ml/g at 40°C (0.974 ml/g at 43°C and 0.972 at 41°C), and 1.045 ml/g at 60°C (corresponding to values for similar phases of the structurally related distearoyl-PC; Nagle and Wilkinson, 1978) . The molecular weight of C24:0-SM was 815.3.
To calculate electron density profiles, the observed intensities of the lamellar low angle reflections were corrected for the Lorentz factors, scaled, normalized, and converted to structure amplitudes F. (Worthington and Blaurock, 1969) . Phases of the lamellar reflections were determined by inspection of the plotted structure amplitudes as a function of the reciprocal coordinate s (s = 2 sin 0/A) (Torbet and Wilkins, 1976; Janiak et al., 1979; McIntosh and Simon, 1986) and by the use of the Shannon sampling theorem (Shannon, 1949; King and Worthington, 1971) . RESULTS DSC of C24:0-SM DSC heating/cooling scans of C24:0-SM at different hydration levels were performed over the temperature ranges 0-88°C (for hydrated samples) and 0-100°C (for anhydrous samples) at heating/cooling rates of 5°C/min. Fig. 1 shows representative DSC heating scans corresponding to the third heating run (after initial and second heating/cooling cycles) of C24:0-SM in the hydration range 0-74.8 wt % water. Corresponding cooling scans at 5°C/min reveal essentially reversible behavior at all hydrations, the same multiple transitions (with little or no supercooling) being observed. Although the initial heating/cooling scans occasionally showed evidence of sample inequilibration, all successive heating/cooling scans were essentially identical and reversible, indicating complete sample equilibration. In the absence of water, C24:0-SM exhibits a sharp endothermic transition (with a low temperature shoulder) at 81.3°C (AH = 3.6 kcal/mol). Highly hydrated (74.8 wt %) C24:0-SM exhibits more complex behavior, with a lowtemperature transition at 34.9°C (AH = 3.0 kcal/mol) and a high-temperature transition at 44.2°C (AH = 6.1 kcal/mol) with a shoulder at -48°C. At low hydration (12.1 wt % H20), C24:0-SM exhibits three clearly distinct endothermic transitions ( Fig. 1) (Tardieu et al., 1973; Ruocco and Shipley, 1982; Wiener et al., 1989 ). On heating to 40°C, corresponding to a temperature between T1 and T2, the diffraction pattern shows lamellar low-angle reflections (h = 1 ->6; h = 5,6 are weak) corresponding to a slightly increased bilayer periodicity, d = 72.7 A, and a single sharp wide-angle reflection at 1/4.22 A, indicating that in this bilayer gel phase (Gel II) the hydrocarbon chains are packed in a hexagonal lattice without chain tilting. At 60°C, above T3, a series of lamellar low-angle reflections (h = 1 -*6) is again observed but corresponding to a reduced bilayer periodicity, d = 60.4 A. The broad, diffuse diffraction line in the wide-angle region at 1/4.6 A-1 is characteristic of the melted-chain liquid-crystalline La phase. At these temperatures (22, 40, and 60°C) , similar lamellar x-ray diffraction patterns were observed for C24:0-SM at other hydration levels (see below). From the measured bilayer periodicity and the compositional parameters (see Materials and Methods section), the bilayer thickness (dl) and the mean molecular surface area of the C24:0-SM molecule at the lipid/water interface, S, were calculated at 22°C (Gel I phase), 40°C (Gel II phase), and 600C (La phase) at different hydrations (Luzzati, 1968) . These calculated structural parameters (d1 and S) and the bilayer periodicity are plotted as a function of hydration at 22, 40 and 60°C in Fig. 3, a-c , respectively. ,, and dp-p, respectively, at 43°C for 9.1 wt % water and 41°C for 14.2 wt % water (see text).
At 22°C, C24:0-SM bilayers swell over the hydration range 9.1-24.5 wt % H20, the bilayer periodicity increasing from 65.4 to 71.1 A; no further change in the bilayer periodicity is observed at >24.5 wt % H20, thus defining the hydration limit of the Gel I phase of C24:0-SM (Fig.  3 a) . The calculated lipid thickness decreases from d1 = 59.2 A at 9.1 wt % H20 until a limiting value of d1 = 52.9 A is reached at 25 wt % H20; the calculated surface area per C24:0-SM molecule (S) increases over the same hydration range from 43.7 A2 to a limiting value of 48.9 A2. At 400C (43°C for 9.1 wt % H20 and 410C for 14.2 wt % H20), C24:0-SM exhibits a bilayer Gel II phase at all hydrations. The bilayer periodicity increases from d = 69.3 A at 9.1 wt % H20, reaching a limiting value d = 80.2 A at 30 wt % H20 (Fig. 3 b) . Over the hydration range 9.1-29.5 wt % H20, d1 decreases from 62.8 A to 55.9 A, and S increases from 42.0 A2 to 47.0 A2. At 600C, over the hydration range 9.1-29.5 wt % H20, the liquid crystal bilayer phase of C24:0-SM exhibits bilayer swelling, with d increasing from 59.5 A to 66.3 A (Fig. 3c) . For water contents >29.5 wt % H20, no further swelling is observed; d1 decreases from 54.3 A at 9.1 wt % H20 to a limiting value of 48.4 A at 29.5 wt % H20, and S increases from 52.1 A2 to a limiting value of 61.3 A2 over the same hydration range.
In order to further define the C24:0-SM bilayer structure, electron density profiles across the SM bilayer have been calculated at different hydrations. Phasing of the bilayer structure amplitudes was achieved using the swelling method. The swelling experiments performed at 22, 40, and 19.6 wt % water; (0) 24.5 wt % water; (O) 29.5 wt % % water. Continuous curves are derived by applicatio sampling theorem for the data of C24:0-SM at 14.2 wt the bilayer profile) from which the phases c amplitudes can be determined. The nodes, at which a phase change probably occurs, by inspection to determine the signs of amplitudes. The solid curves (Fig. 4) are cal Shannon sampling theorem using the amp C24:0-SM at 14% hydration. Thus, the phase -, +, -, +, + (22°C; Fig. 4 a) ; -, -, Fig. 4 b) ; and -, -, +, -, + (60°C; Fig. 4 Similar bilayer characteristics in the electron density profiles of C24:0-SM for all hydration levels are also observed at 40°C (Fig. 5 b) and at 60°C (Fig. 5 c) , although compared with Fig. 5 a, the profiles are less detailed at the bilayer .06 .10 center. Also, the profiles in general become less detailed as the hydration increases and the resolution decreases. Values of dp-p are plotted as a function of hydration at 22, 40, and ilayers at different 60°C in the lower panels of Fig. 3 a- to 21.9 A (24.5 wt % H20) in the Gel I phase and from 13.5 )f the structure A (9.1 wt % H20) to 20.0 A (29.5 wt % H20) in the La i.e., the points phase (data not shown).
are identified
In the Gel II phase at 40°C (Figs. 3 b and 5 b) , dp-p (= 52 the structure A) is constant at lower hydration levels (over the range Iculated by the 9.1-19.6 wt % H20). On increasing hydration, dp-p apparffitude data of ently increases to 56 A at hydration levels >29.5 wt % H20. (Fig. 5 a) (Ranck et al., 1977; Serrallach et al., 1983; McDaniel et al., 1983; Simon and McIntosh, 1984; Braganza and Worcester, 1986; Ruocco et al., 1985; Kim et al., 1987; Haas et al., 1990) . Mixed chain PCs in which one chain (at the sn-i or sn-2 position) is systematically reduced show progressive interdigitation of the two chains across the bilayer center with presumably a longer chain juxtaposed against a shorter chain from the opposite monolayer (see Fig. 6 in Mattai et al., 1987) . Furthermore, PCs in which the length of one of its constituent chains is approximately half the length of the other seem to pack in a "mixed interdigitated" monolayer structure, in this case with the two short chains from PC molecules on each side of the bilayer being aligned against each other and the hydrocarbon width essentially being determined by the long chain McIntosh et al., 1984; Hui et al., 1984; Shah et al., 1990) . In contrast to the structural studies of mixed-chain PCs, relatively little is known about the structure and properties of SM containing hydrocarbon (sphingosine and N-acyl) chains of different length. Our first DSC studies showed clearly that the highly asymmetric C24:0-SM exhibited two or three transitions suggestive of gel phase polymorphism . Spectroscopic studies of synthetic DL-erythro C24:0-SM provided evidence for the presence of both mixed chain and partially interdigitated gel state bilayer structures below the chain-melting transition (Levin et al., 1985) . Our x-ray scattering study of SM vesicles suggested that progressive chain interdigitation occurred across the bilayer center as the N-linked fatty acyl chain length increased up to C-24 with respect to the invariant C-18 sphingosine chain (Maulik et al., 1986a) . More recently, McIntosh et al. (1992a) , using x-ray diffraction, showed that hydrated C24:0-SM at 20°C adopts a partially interdigitated structure and that addition of cholesterol reduces the chain interdigitation. Here we focus on the structural changes exhibited by C24:0-SM as a function of hydration and temperature.
Our DSC data ( Figs. 1 and 2) show that the thermotropic behavior of hydrated C24:0-SM differs markedly from that of SMs containing shorter N-linked acyl chains (for example, C16:0-and C18:0-SM). In contrast to the simple, reversible chain-melting transitions of C16:0-and C18:0-SM Maulik et al., 1991; Maulik et al., 1986b) , C24:0-SM exhibits relatively complex thermotropic properties. Highly hydrated (74.8 wt % H20) C24:0-SM shows two transitions, T1 at 34.9°C and T2 at 44.20C, the latter having a high temperature shoulder at -48°C. Thermotropic behavior involving two endothermic transitions (Barenholz et al., 1976) , D-erythro C24:0-SM (Cohen et al., 1984) , and C24:0-SM derived from egg SM (McIntosh et al., 1992a ) by deacylation-reacylation methods similar to those used here. For example, at a heating rate of 15°C/hr, McIntosh et al. (1992a) observed endothermic transitions at 39.6°C (H = 2.8 kcal/mol) and 46.2°C (H = 6.3 kcal/mol), in quite good agreement with transitions T1 and T2 described above. For C24:0-SM, we show that similar thermotropic behavior is observed at lower hydrations (see Fig. 1 ), but it is now clear that the high temperature shoulder associated with T2 derives from the separate sharp transition T3 at -51°C observed at lower hydration; increasing overlap, particularly of T2 and T3, occurs as the transitions broaden at the higher hydrations. Also, it should be noted that anhydrous C24:0-SM exhibits a high melting transition; addition of 12 wt % water significantly reduces the transition temperature and leads to the formation of multiple gel phases. When hydration is increased further, all transitions (T1, T2, and T3) decrease slightly in temperature; AH2+3 shows some hydration dependence, whereas AH1 remains essentially constant (Fig. 2) .
We have collected structural information on the phases present below T1, between T1 and T2, and above T3, but not between T2 and T3. X-ray diffraction data for C24:0-SM have been recorded and analyzed in terms of the hydration dependence of the structural parameters (d, dl, S, and dp_p) and the electron density profiles (Figs. 3 and 5 ). Below T1, at 22°C, a gel phase is present at all hydration levels. This gel phase (Gel I) swells to a hydration limit of approximately 25 wt % water, corresponding to 15 mol H20/SM. The two wide-angle reflections at 1/4.2 A-1 and 1/4.0-1 (shoulder) are characteristic of a gel phase with pseudohexagonally packed hydrocarbon chains that are tilted with respect to the normal to the bilayer plane. The electron density profiles (Fig. 5 a) show that dp (49) (50) A) is essentially independent of hydration. In addition to the chain tilting of C24:0-SM in this Gel I phase suggested by the wide-angle diffraction data, partial chain interdigitation is predicted to occur at the bilayer center (see Fig. 6 ) based on the small value of dp-p and model building considerations (also, see McIntosh et al., 1992a) . At low hydration, the calculated lipid thickness d, decreases with increasing hydration, but at hydration levels >24.5 wt % H20, the calculated lipid thickness d1 is invariant (52.9 A) and shows reasonable agreement (see Fig. 3 ) with dp (50 A). (McIntosh et al., 1992a) , in good agreement with our gravimetric values of 65.4-71.1 A over the hydration range 9.1-25.4 wt % H20 (see Fig. 3 ). McIntosh et al. (1992a,b) also derived electron density profiles for their equivalent of the Gel I phase; the profile with a dp-p of 51 A is essentially identical to those shown in Fig. 5 (cf. dpp = 49-50 A). McIntosh et al. (1992a) also concluded that the chain packing mode consistent with all the diffraction data requires a juxtapositioning of the long C24 chain against a C18 chain from the opposite monolayer (see Fig. 6 ).
At 400C, between T1 and T2, lamellar low-angle reflections, together with a single sharp wide-angle reflection at 1/4.2 A-', are observed at all hydrations. This is indicative of a bilayer gel phase (Gel II) with hexagonal chain packing but with reduced chain tilt. Swelling is observed up to 29.5 wt % water; this corresponds to a hydration limit for Gel II of 19 mol H20/C24:0-SM, compared with 15 mol H2O/mol SM for the Gel I phase. Over the hydration range 9.1-19.6 wt % H20, dp-p (= 52 A) remains constant, but on further hydration dp-p increases to reach a limiting value, dp-p = 56 A at hydration levels >29.5 wt % H20. It is noteworthy that a similar hydration dependence of dp-p was observed for the only gel phase of C18:0-SM (Maulik et al., 1991) . These observations suggest that some decrease in chain tilt occurs with increasing hydration, although this argument is countered by the hydration dependence of d1 and S; d, decreases continuously from 62.8 to 55.9 A, and S increases from 42.0 to 47.0 A2 over the hydration range 9.1-29.5 wt % H20.
However, the increment in dp-p and d1 from that observed in the Gel I phase plus the observation of a single wide-angle reflection at -1/4.2 A-' confirm that in the Gel II phase a decrease in chain tilt has occurred. Again, model building studies of the asymmetric C24:0-SM bilayer with untilted chains (bilayer thickness, 56 A) are consistent with partial chain interdigitation across the bilayer center (see Fig. 6 ), a packing arrangement similar to that of Gel I. Thus, for C24:0-SM transition T, with a relatively small transition enthalpy (2.7-3.0 kcal/mol) involves the conversion of the chain-tilted, partially interdigitated bilayer gel phase (Gel I) to an untilted (or less tilted) bilayer gel phase (Gel II).
At 60°C (above T3), the lamellar low-angle reflections and the diffuse wide-angle reflection at 1/4.6 A-1 observed at all hydrations is characteristic of the bilayer, liquid crystalline phase, La. Swelling is observed up to 29.5 wt % water; this corresponds to a hydration limit for the La phase of 19 mol H2O/mol SM, a hydration limit identical to that of constant at 46 A and in good agreement with that measured from single bilayer vesicles of C24:0-SM in the chainmelted state (dp-p = 47.5 A; see Maulik et al., 1986a) . The high degree of chain asymmetry of C24:0-SM would suggest some degree of chain interdigitation even in the La phase (see Fig. 6 ), as was observed in our previous x-ray scattering study of C24:0-SM (Maulik et al., 1986a) . The observed dp-p is similar to the calculated d, for hydrations >24.5 wt % H20. At lower hydrations, d1 decreases and S increases with increasing hydration, reaching limiting values of 48.5A and 61.3 A2, respectively. This type of hydration-dependence of dp-p, dl, and S is characteristic of phospholipids in the liquid crystalline L, phase. For example, the shorter chain C18:0-SM (Maulik et al., 1991) has smaller values of dp (41 A) and d (45 A) compared with C24:0-SM (see above), consistent with a predicted increase in bilayer thickness of the longer chain SM. Thus, the combination of transitions T2 and T3 (AH2+3 = 5.7 kcal/ mol) converts the bilayer Gel II phase to the bilayer La phase.
Because of the hydrocarbon chain mismatch, C24:0-SM exhibits a more complex thermotropic behavior with multiple transitions (TF, T2, and T3) compared with the "chain-matched" C16:0-and C18:0-SM, which exhibit a single reversible transition when studied under similar conditions. The DSC and x-ray diffraction studies reported here show that C24:0-SM has a well defined bilayer structure at all hydrations in the two gel phases (Gel I and Gel II) and in the liquid crystalline L, phase.
The x-ray diffraction data for C24:0 corresponding to full hydration show that the following structural changes occur at TF: 1) the hydration limit and d4 increase, 2) the bilayer periodicity increases, 3) the lipid thickness, d, and dp-p, increases, and 4) the SM surface area decreases. In contrast, at T2+3 on chain melting, although the hydration limit is unchanged, 1) d4 decreases, 2) the bilayer periodicity decreases, 3) the lipid thickness, di and dp-p, decreases, and 4) the area/SM increases. These structural changes have led to the following conclusions. 1) The low temperature transition (TF) converts the tilted-chain, partially interdigitated bilayer gel phase (Gel I) to an untilted (or less tilted), interdigitated bilayer gel phase (Gel II); and (2) although we have been unable to define the structure of C24:0-SM present between transitions T2 and T3, a typical bilayer La phase is present above T3. The combined enthalpy associated with T2 and T3 (5.7 kcal/mol) is consistent with a bilayer gel-bilayer liquid crystal transition associated with chain melting. The temperature-dependent structures of hydrated C24:0-CM are schematically represented in Fig. 6 .
Because SM, PC, and cholesterol seem to coexist on both the outer monolayer of many plasma membranes and the surface monolayer of plasma lipoproteins, we have been interested in studying their interactions in mixed lipid systems, particularly in light of the suggestion that cholesterol has a stronger interaction with SM compared with PC. Although we have addressed such issues using both natural SM-PC (Untracht and Shipley, 1977) and synthetic SM-PC (Calhoun and Shipley, 1979b) and SM-PC-cholesterol (Calhoun and Shipley, 1979b) binary and ternary systems, the Gel 11 phase. The bilayer thickness dp-p is essentially
